The molecular structure and transferability of Tn1546 in 143 vancomycin-resistant Enterococcus faecium (VREF) isolates obtained from patients (n ‫؍‬ 49), surface water (n ‫؍‬ 28), and urban and hospital sewage (n ‫؍‬ 66) in Tehran, Iran, were investigated. Molecular characterization of Tn1546 elements in vanA VREF was performed using a combination of restriction fragment length polymorphism analysis and DNA sequencing of the internal PCR fragments of vanA transposons. Long-PCR amplification showed that the molecular size of Tn1546 elements varied from 10.8 to 12.8 kb. The molecular analysis of Tn1546 showed that 45 isolates (31.5%) harbored a deletion/mutation upstream from nucleotide 170. No horizontal transfer of Tn1546 was observed following filter-mating conjugation with these isolates. Nevertheless, the rates of transferability for other isolates were 10 ؊5 to 10 ؊6 per donor. Insertion sequences IS1216V and IS1542 were present in 103 (72%) and 138 (96.5%) of the isolates, respectively. The molecular analysis of Tn1546 elements resulted in three genomic organizations. The genomic organization lineage 1 was dominated by the isolates from clinical samples (3.4%), lineage 2 was dominated mostly by sewage isolates (24.5%), and lineage 3 contained isolates obtained from all sources (72.1%). The genetic diversity determined using pulsed-field gel electrophoresis (PFGE) revealed a single E. faecium clone, designated 44, which was common to the samples obtained from clinical specimens and hospital and municipal sewage. Furthermore, the results suggest that lineage 3 Tn1546 was highly disseminated among our enterococcal isolates in different PFGE patterns.
Vancomycin and teicoplanin are glycopeptide antibiotics of clinical importance in the treatment of severe nosocomial infections caused by Staphylococcus and Enterococcus (5) . Over the last 2 decades vancomycin-resistant enterococci have spread with unanticipated rapidity and have emerged as the major cause of nosocomial infections in clinical settings (3) . The rapid rise in the antimicrobial resistance of enterococci has been attributed to clonal dissemination of the isolates and horizontal transfer of transposons containing vancomycin-resistant genes (12, 13, 17) . It has been known that the vanA gene cluster is carried as a part of Tn1546-like elements, which in addition carry a cluster of nine genes mediating high-level of resistance to both vancomycin and teicoplanin (6) . The nine polypeptides have been divided into four functional groups: transposition (ORF1 and ORF2), regulation (VanR and VanS), resistance to glycopeptides (VanH, VanA, and VanX), and synthesis of peptidoglycan (VanY and VanZ) (15) .
In the present study the clonal variation of vancomycinresistant Enterococcus faecalis (VREF) was investigated by pulsed-field gel electrophoresis (PFGE), and a detailed molecular analysis of Tn1546 elements was performed. The isolates were obtained from different sources in Tehran, Iran, which would give an overall circulation of VREF in human and water samples. Samples were taken from hospital and municipal sewage treatment plants, because they are favorable milieus, consisting of variable mixtures of bacteria, nutrients, and antimicrobial agents, for both survival and gene transfer (11) . Enterococci were also isolated from the surface water, which could eventually infect humans (21) . Molecular analysis of these isolates would therefore provide an understanding of the mechanism of the spread of vancomycin resistance and dissemination of VREF.
In view of the lack of information on the diversity of Tn1546 elements available in this region of the world, this study was undertaken to investigate the genetic relationship between vanA transposons of VREF obtained from different sources. The diversity of the Tn1546 elements was explored using long-PCR-restriction fragment length polymorphism (L-PCR-RFLP), PCR analysis of internal regions, and Southern hybridization. Conjugation experiments were done to assess the mobilities of various Tn1546 elements among our enterococcal isolates.
MATERIALS AND METHODS
VREF sample collection. All VREF isolates were collected during 2006. The clinical samples (n ϭ 49) were collected from hospitalized patients in three major hospitals in Tehran, Iran. The samples were urine, wound specimens, blood, body fluids, respiratory tract specimens, and abscesses. The isolation of VREF from clinical specimens was carried out by standard microbiological techniques. Gram-positive cocci were tentatively identified as enterococcus on the basis of negative catalase test, growth in 6.5% sodium chloride, hydrolysis of esculin, and pyrrolidonyle arylamidase test. The susceptibility to vancomycin was determined by the disc diffusion method and MIC determination with Etest. The VREF environmental samples were collected from three urban sewage treatment plants, two hospital sewage sites, and surface water located in different parts of Tehran. Isolation of the VREF isolates from sewage treatment plants was done as described previously (18) . In brief, sewage treatment plant samples were cultured on mEnterococcus agar (Becton Dickinson and Co., Sparks, MD) plates supplemented with 8 g of vancomycin per ml. Representative isolates were collected and typed using the PhPlate-RF plates (PhPlate AB, Stockholm, Sweden) as described in detail previously (7, 18) . Representative isolates were kept for further studies. Enterococcal species identification was performed by using conventional tests, including 0.04% telurite reduction, carbohydrate utilization, arginine dehydrolase activity, methyl-␣-D-glucopyranoside acidification, motility, pigmentation, and PCR using species-specific primers (8) . E. faecium BM4147 and E. faecalis V583 were used as positive controls and were obtained from the Pasteur Institute, Paris.
PCR and RFLP. Extraction of bacterial DNA was performed with a DNeasy kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer's instructions. The vancomycin resistance genotype was determined by PCR using primers specific for vanA (10) . The extracted DNA was quantified spectrophotometrically, and 125 ng was used as templates for L-PCRs. Initially, DNA was amplified with the P1 primer, an oligonucleotide complementary to the inverted repeats flanking Tn1546, using the Expand long-template PCR system (Roche Diagnostic GmbH, Mannheim, Germany). For isolates that did not amplify with P1, the amplification was subsequently performed using primers specific for orf2 forward and P1. Amplification was done with the following protocol: initial denaturation at 94°C for 2 min; 10 cycles of denaturation at 95°C for 15 s, annealing at 62°C for 30 s, and extension at 68°C for 8 min; 20 cycles of denaturation at 95°C for 20 s, annealing at 65°C for 30 s, and extension at 68°C for 8 min (with the elongation time increased by 20 s per cycle); and a final extension at 68°C for 7 min. All PCR was done using E. faecium BM4147 as the prototype. Following L-PCR amplification, enzymatic digestion of the products was done with 30 U of ClaI (Roche Diagnostic GmbH).
PCR amplification of internal regions of Tn1546 was also performed with the primers orf1 (orf1-1 to orf1-6), orf2-F, orf2-R, vanR-F, vanS-F, vanS-R, vanH1, vanX2, vanY1, vanY2, vanZ1 and vanZ2, as listed in Table 1 . The PCR amplicons of the internal region of the Tn1546-like elements were produced by an initial cycle at 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30 s, annealing at 50°C for 30 s, and extension at 72°C for 3.5 min and a final extension at 72°C for 10 min.
Presence of IS. A combination of RFLP analysis and DNA sequencing of the internal PCR fragments of VanA transposons was used for determination of the locations of insertion sequences (IS). Specific primers targeting the IS elements within Tn1546 were designed (Table 1) .
DNA sequencing. PCR products of internal regions in vanR, vanS, vanH, vanA, vanXYZ, and IS of Tn1546 were cloned in the Promega TA Easy vector (Madison, WI), and sequencing was carried out using the ABI capillary system (Macrogen Research, Seoul, Korea).
PFGE and Southern hybridization. PFGE was performed on a CHEF-DR III apparatus (Bio-Rad Laboratories, Richmond, CA) as described previously (19) . After digestion with SmaI, genomic DNA was separated by electrophoresis, with ramped pulse times beginning with 5 s and ending with 35 s at 6 V/cm for 27 h. The banding patterns were interpreted by Dice analysis and clustered by the unweighted pair group method with arithmetic averages with Gelcompar II version 4.0 (Applied Maths, Sint-Matens-Latem, Belgium). Southern blot hybridization was performed using a digoxigenin-labeled vanA probe (9) .
Conjugation experiments. Cross-streak testing of VREF was performed with E. faecalis JH2-2 and E. faecium 4107, separately. For the isolates with positive results, E. faecalis strain JH2-2 was used as the recipient in the conjugation assay. Filter mating was performed using a 1:1 donor-recipient mixture. After incubation at 37°C for 24 h, transconjugants were selected on brain heart infusion agar containing vancomycin (20 mg/ml), rifampin (20 mg/ml), and fusidic acid (10 mg/ml). The transconjugants were analyzed by antibiotic sensitivity assay and PCR for species identification, the presence of the vanA gene, and transfer of the complete transposon (2) .
RESULTS
Genetic organizations of Tn1546-like elements. Three characteristics, i.e., point mutations, IS elements, and gene deletions were considered when examining the genomic organizations of 143 E. faecium isolates. The results revealed the presence of three major genomic lineages of Tn1546, designated 1 to 3, and seven subtypes. Each of the three lineages contained between one and four subtypes. The MICs of vancomycin and teicoplanin for all isolates were Ն128 to 256 g/ml and Ն8 to 256 g/ml, respectively.
The complete Tn1546, with no deletions, was detected in 98 isolates (68%) within all lineages. Of these, 42 (29%) and 56 (39%) were isolated from patients and water samples (hospital and urban sewage and surface water), respectively. The results showed that lineage 1 contained the isolates from the hospitalized patients only.
The majority of isolates within lineage 2 were from the sewage and surface water samples (Fig. 1) . Tn1546 of lineage 3 and subtype 2B constituted 92% of the total isolates which were collected from all sources. Lineage 1 of Tn1546 was found to be identical to the prototype BM4147 (Fig. 1) . Lineage 1, with 5 isolates (3.4%), was found only in the clinical isolates, suggesting that 96.5% of the isolates carried Tn1546 which was different from that of the prototype BM4147 strain. L-PCR-RFLP of Tn1546 with ClaI for lineage 2 was characterized by an additional band of about 600 bp in comparison to lineage 1 (Fig. 2b) . Moreover, lineage 3 was found to carry two additional bands of about 700 and 600 bp. L-PCR-RFLP of Tn1546 with a single mutation at position 8234 (subtypes 1A, 2B, 3B, and 3D) or a deletion in the intergenic region of vanX (3A) was similar to that for the subtypes with no mutation or deletion.
The amplification of internal regions and the designing three new primers in this study revealed that lineages 2 and 3 harbored an additional 1.3 kb (Fig. 1) which positioned in the orf2-vanR region (Fig. 1) . Furthermore, the results showed that lineage 3 carried an extra 0.7-kb fragment in the vanX-vanY region. The additional fragment was found to be insertional element. The results of sequencing analysis revealed that the IS elements in the orf2-vanR and vanX-vanY regions were of the IS1542 (1.3 kb) and IS1216V (0.7 kb) types, respectively (Fig. 1) . IS1542 elements were detected in 138 isolates (96.5%), while IS1216V elements were detected in 103 isolates (72%). No IS was found in five (3.4%) of the isolates. All IS1216V and IS1542 elements were of the expected sizes and oriented in the opposite direction. IS1216V was found to be inserted at position 8731 between vanX and vanY, and IS1542 positioned at nucleotide 3932 (Fig. 1) . Furthermore, sequencing showed the presence of a point mutation at positions 490 (A3T) and 664 (G3A) based on the sequence of IS1216V (GenBank accession no. AF093508.1). All VREF strains were analyzed for the presence of a single mutation at vanX position 8234 by PCR-RFLP with the DdeI restriction enzyme and examined by sequencing. Of 143 isolates, 36 (25%) carried a mutation in subtypes 1A, 2B, 3B, and 3D of Tn1546. Among the genomic arrangements of Tn1546, only subtype 3A showed a 72-nucleotide deletion segment which was associated with IS1216V downstream of vanX. Subtype 3A was found in 1 isolate (0.7%) only.
A unique characteristic of all of our isolates was the presence of a single point mutation at position 5727 in the vanS element.
PFGE and DNA hybridization. PFGE analysis of the 143 isolates showed that they were extremely heterogeneous. Fiftyfour PFGE types were identified, with 24 types constituting 113 identical isolates with more than 95% similarity. The remaining 30 isolates (29.6%) were highly diverse, belonging to 30 PFGE types. All clinical isolates (49) were classified into 20 distinct PFGE types and 9 common types. The isolates from surface water (n ϭ 28) and from hospital (n ϭ 24) and municipal (n ϭ 42) sewage were grouped in 8, 9, and 18 PFGE types, respectively. PFGE showed that some isolates were common among samples taken from clinical specimens and from hospital and municipal sewage (Fig. 3) . The representative PFGE patterns are shown in Fig. 3 .
Southern blot hybridization analysis of the isolates showed that the isolates carried the vanA gene residing on a 78-kb DNA fragment. The only exception was that one isolate contained the vanA gene residing on a DNA fragment of 170 kb.
Conjugation analysis. Filter-mating conjugation assay revealed that most VREF isolates could transfer the vancomycin-resistant elements to E. faecalis JH2-2. The efficiency of conjugation ranged from 10 Ϫ5 to 10 Ϫ10 . The conjugation rate was significantly higher in isolates with Tn1546 with lineage 3. The antibiotic profile, vanA gene, and species in the transconjugants were examined, and it was shown that complete transfer of Tn1546 to the recipient cells (E. faecalis JH2-2) has occurred. No transfer of vancomycin resistance was seen with the isolates harboring a deletion/mutation upstream of nucleotide 170 of Tn1546. This was seen with the isolates containing Tn1546 with the genomic arrangements 2A, 2B, 3C, and 3D.
DISCUSSION
Molecular characterizations of Tn1546 have been fully elucidated and show limited diversity (4, 6, 9) . Moreover, it is important to understand the dissemination of Tn1546 subtypes among the enterococcal species. In the present study, we identified and characterized polymorphic regions of Tn1546-like elements of 143 VREF strains isolated from different sources. Detailed molecular characterization was performed by a combination of RFLP analysis and DNA sequencing of the internal PCR fragments of VanA transposons. In general, our results showed point mutations, insertions of IS elements, and deletions in Tn1546 elements among the isolates. Overall, three lineages and seven subtypes of Tn1546 elements could be distinguished in our isolates. A scheme was constructed to elucidate the relationship between Tn1546 variants found in this study. Similar to the report by Arthur and colleagues (1), we showed that Tn1546 element lineage 1 was similar to prototype BM4147, which constituted only a small portion of our isolates.
It has been suggested that IS1216V is ubiquitous in the vanA elements (9) . In this study, we found that 72% of our isolates obtained from all sources carried IS1216V. The presence of IS1216V has also been reported in majority of isolates obtained from Europe and North America (9, 17) , suggesting a global distribution of this IS. Furthermore, this IS has been reported in other species, such as Staphylococcus aureus (14) .
On the other hand, there are only few published reports about the distribution of IS1542, which suggests that this IS is geographically limited. The enterococcal isolates carrying IS1542 have been reported in Europe (22) . To our knowledge, no reports have been published from North America in regard to circulation of IS1542 in enterococcal populations (17) . We were also able to detect IS1542 in the majority of our isolates (96%) originating from patients as well as surface water and hospital and municipal sewage, suggesting widespread dissemination of IS1542 among E. fae- (6), we also found that IS1542 and IS1216V elements were positioned at the left and right ends of transposons, respectively. The two IS examined here were found to be positioned reversely for all isolates which is commonly reported in Europe (20) . Among all the isolates, subtype 3A Tn1546 was found to have a deletion of 73 nucleotides in the IS1216V integration site at position 8731. In contrast to another report (6), we found this deletion in only 0.7% (1) of the isolates.
About 30.2% of the Tn1546 transposons, including subtypes 2A (3.5%), 2B (20%), 3C (6.3%), and 3D (1.4%), could not be amplified using P1 primers. Further studies showed the possible occurrence of a deletion and/or mutation upstream from nucleotide 170. This mutation has been reported commonly elsewhere (16) . It has been reported that deletions in the transposase and resolvase regions can abolish the transposition, which, in turn, may affect the dissemination of Tn1546-like elements (20) . This was also supported by the results from our conjugation assay, where the isolates with 2B, 3C, and 3D Tn1546 either failed to transfer or showed a very low rate of transfer (i.e., 10 Ϫ10 ) of vanA to the recipient bacteria. Moreover, the vanA gene transfer rates of Tn1546 containing the P1 region, such as 1A or 3A, was about 10 Ϫ5 to 10 Ϫ6 per donor, suggesting that the transposonal integrity would facilitate the horizontal transfer of resistance genes. The results showed that similar conjugation rates of vanA were obtained when isolates with the same subtype of Tn1546 were collected, regardless of the source.
In contrast to the report by Willems and colleagues (20) , who have shown the presence of a point mutation at position 826 of IS1216V, we could observe the point mutations only at positions 490 (A3T) and 664 (G3A) of IS1216V. These mutations were found in only one isolate, which also showed a unique PFGE pattern (data not shown). Moreover, we found a point mutation in the vanS gene at position 5727 (C3A), resulting in change from glutamic acid to valine. Such a unique mutation in Tn1546 was found in all Iranian isolates regardless of their source of isolation, subtype, and range of MIC to vancomycin and teicoplanin.
The analysis of PFGE patterns exhibited high diversity in our VREF isolates, with the majority of them showing distinct PFGE patterns. Some PFGE patterns were common among isolates from patients and those obtained from other sources. The most common PFGE pattern was found to be the pattern designated 45, with 20 (14%) isolates. This genotype of E. faecium was found in hospital and municipal sewage, and all of these strains carried Tn1546 subtype 2B. In the absence of transfer of Tn1546 in the isolates with PFGE pattern 45, we postulate that the dispersion of these VREF isolates is through clonal dissemination and not horizontal transfer of vancomycin resistance gene. On the other hand, the PFGE patterns designated 6 and 32 contained isolates found in the clinical and urban sewage samples and carried lineage 3 of Tn1546, with a conjugation rate of 10 Ϫ5 . It is interesting to note that these isolates were collected at different time intervals, suggesting that the horizontal vanA transfer among this group of E. faecium strains could be the reason for dissemination of vancomycin resistance in enterococcal populations. In contrast, the PFGE pattern designated 44 contained the isolates obtained from clinical isolates and urban and hospital sewage, indicative of the clonal dissemination of this VREF clone (Fig. 3) .
Among all isolates, lineage 3 of Tn1546 was the predominant lineage, accounting for 62% of the VREF isolates. This lineage could be found in the majority of isolates from patients (69%), urban sewage (67%), hospital sewage (42%), and surface water (61%). Such a large dissemination of lineage 3 Tn1546 was, in part, due to high rate of conjugation (10 Ϫ5 ) of this particular transposon.
By Southern blot hybridization with a vanA-specific probe to DNA fragments from PFGE of SmaI-digested total DNA, Tn1546 was detected at one position. With the exception of one isolate which showed Tn1546 residing in a 170-kb DNA fragment, the isolates showed integration of Tn1546 in a 78-kb DNA fragment. Moreover, the conjugation assay showed that the strain with Tn1546 located in the 170-kb DNA fragment could not transfer the vancomycin resistant determinant to the recipient.
In conclusion, we found diverse Tn1546 elements among a large number of VREF isolates in this study. The presence of predominant lineage 3 Tn1546 may suggest that these elements can disseminate rapidly and acquire different genomic organizations in enterococcal populations. Furthermore, we observed that many of the molecular characteristics of VREF in our isolates were similar to those of isolates reported form Europe.
